Abstract. The effective model assumption based on the average field theory has been modified and extended to investigate the effects of interfacial parameters including the bonding strength and interfacial thickness on the yield strength of particle reinforced composites. The formulation is applied to a model case of SiC particle reinforced Al matrix composite. The theoretical results agree well with the experimental ones of the SiC/Al composite produced by a PM route. The modified theoretical model can effectively predict the interfacial behavior and provide the preparation of SiC/Al composites with scientific foundation to control the interfaces.
Introduction
Particle reinforced metal matrix composites have the advantages of high density-strength, density-modulus, thermal stability and internal friction over their counterparts, i.e. the metals or alloys, can be widely used as structure materials or functional materials and efforts have been done on preparing this sort of composites [1] [2] [3] . From these experiments one can find that the interface features will significantly affect the mechanical properties and failure mechanisms as well as the strength of the composites [4] . In order to improve the wettability or to restrain the undesirable interfacial reaction between Al matrix and SiC particle, the reinforcements SiC particles are often coated by Cu or Ni, etc [5] . The surface oxidation of SiC particles is another simple way in surface treatment technique. In both of these surface treatments, there exists an interface layer in thickness of several tens of nanometers between the matrix and the reinforcements [6] .When the original SiC particles are used as reinforcements, the atomic diffraction of Al matrix into the SiO 2 layer on the SiC particle surfaces also forms an amorphous layer [7] .Such materials can be viewed as three phase composites, and the interphase will affect the properties of the composites. At the same time, theoretical studies on interfacial behavior based on the micromechanics in the particle reinforced composites are also fundamental and important questions, which can give us a deep investigation in the strengthening and failure mechanisms of the composites and provide scientific basis for practical preparation [8] .
In this work, interfacial parameters including the bonding strength and thickness are introduced to modify the effective model assumption (EMA) model [8] (belong to the interphase model) and the effects on the properties of SiCp/Al are studied. The theoretical results have been compared with our experimental results to examine the rationality of the current modified theoretical model.
Theoretical Model of PRMCs

Preventative unit of PRMCs
In the particulate reinforced composites, a thin interphase layer intervenes between a particle and the matrix, which has the same profile as the particle. For convenience in theoretical derivation and calculation, the particle is often considered as spherical with a diameter r , see Fig.1 (a) , and the interface with thickness of G together with the particle is thought of as an effective assemble/element (i.e. an effective reinforcement). Furthermore, the matrix with an embedding particle may be considered as a new effective element representing the particle composites, see Fig.1 (b). All of the particle, matrix and interphase are isotropic. For the perfectly bonded interface particulate composites, the most effective medium approach based on generalizations of the Eshelby method can be used. If the properties of the particle, interface and matrix are known, the properties of the effective reinforcement can be calculated through the Mori average field theory, and then the properties of the effective element of particle composites can be determined. To mainly discuss the effects of interface thickness and interface bonding strength on the effective reinforcement and to compare the theoretical results with our experiment, here SiC particles are taken as the reinforcement particle (surely, other reinforcement particles are also likely). Fig.2 , Our experimental results indicate that the interface layer of the oxidized, acid picking and alkaline cleaned SiC particle reinforced Al composites are mainly Al; the interface of the original SiC particle reinforced Al composites is mainly Al and SiO 2 ; While the SiC particles surface were coated with K 2 ZrF 4 , the interface is mainly composed of K 2 ZrF 4 [7] .When the over-oxidized SiC particles are used, the interface is a SiO 2 layer in thickness of tens of nanometers [6] . 
Effective Bulk Modulus
For the perfectly bonded interface, the theoretical results of the effective reinforcement can be got from the work proposed by Hashin [9] , as shown in Fig. 3 . In the following formula, k , P , E , Q and 1 Q represent the bulk modulus, shear modulus, elastic modulus, Poisson ration and internal friction, respectively. The subscripts p, i, and m refer to the particle, interphase, and matrix, respectively.
The interphase shell is thought as a part of the reinforcement. The volume ratio of the particle in the effective reinforcement is 
Effective Shear modulus
Christensen and Lo [10] 
Effects of Interfacial Parameters on Yield Stress of PRMCs
Effective Medium Assumption Model for Yield Stress of PRMCs with Perfect interface
In Ref. [11] ,the EMA model was used to simulate the uniaxial stress-strain curve of SiCp/Al during the tensile test. The microstructural changes in the composites due to the presence of SiC particles were considered, whereas the effects of interfaces have been treated by averaging through the experimental results. Here, the effects of interfaces on microstructures of SiCp/Al composites are no longer to be detailed, while only the effects of interface thickness and interface bonding strength on the yield stress are addressed. Based on the EMA model (see Fig.1 , but the interfaces are not considered, namely, the reinforcements are perfectly boded with metal matrix without interphases), 
Effective Medium Assumption Model for Yield Stress of PRMCs with imperfect interface.
Ju et al. have established the micromechanical model for particulate reinforced composites with imperfectly bonded interfaces [12] . The effective bulk and shear moduli, respectively, are given by °°°°® 
G J
, their volume is relatively small, which implies that the volume fraction of the effective reinforcement approximately equate to that of the particles in the composites. However, if the interphase is thick and can not be ignored, the volume fraction of the effective reinforcement in the composites should be represented by 
together with the interface thickness affects properties of the particle composites, two cases, namely the volume of reinforcements containing and without containing the volume of interphase, should be respectively discussed. The materials parameters used in the theoretical simulation are shown in Table. 1.
In order to consider the effects of interfacial features on the yield strength of composites, is used in the calculation. V represent the yield strengths of composites and metal matrix, respectively. From the left column, it was found the yield strength increases from a same min to a same max value with the bonding strength increasing. However, it decreases with the interface thickness increasing. When 0 q (fully debonded interfaces), the relative yield strengths for the cases of different volume fraction of reinforcements are same to the corresponding volume fraction, which reveals the reinforcements together with the interfaces have no enhancing functions in the composites. When 1 q (perfectly bonded interfaces), the yield strengths of composites, compared with the metal alloy, have been enhanced about by 0.08, 0.10, 0.125 and 0.15 for the different volume fractions (10%, 12%, 15% and 18%) of reinforcements due to the load transferring mechanism. For the case that the interface volume is not contained in the reinforcements, the relative yield strength also increases with the bonding strength increasing and decreases with the interface thickness increasing, which is similar to the former case. But it decreases more at 0 q while increases higher at 1 q . The theoretical results in the right column compared with that of the left column reveal that if the surface coated particles are used as reinforcements, only the well bonded interfaces can improve the mechanical properties. In fact, it is difficult to get the strongly bonded interfaces due to the thicker interface layers. If the particle surface coating is necessary to avoid the interfacial reaction between matrix and reinforcements in experiment, the rational way to control the interface is to get the thinner coating layer. 
Effects of Interface on Yield Stress of SiCp/Al composites
Discussion
The SiC/Al interface is not only a critical technique in preparing SiCp/Al composites but also an important and difficult question in theoretical studies. The interfacial features including interface thickness and interface bonding strength will strongly influence the properties of composites. In this paper, two parameters, e.i. the relative interface thickness and the relative bonding strength, have been introduced into the modified effective represent element of particle reinforced composites. These two parameters can describe the different interfaces in the as-received SiCp/Al composites. Through the detailed calculation, the thicker or undesirable bonded interfaces will decrease the yield strength. The thicker or undesirable bonded interface is not beneficial to the loading transfer, which bonds to resulting in the decreased yield strength. When the oxidized, acid pickling and alkaline cleaned SiC particles were used as reinforcements, compared with the original SiC particles, the interfaces in SiCp/Al composites produced by PM route was very thin and the reinforcement were well strongly bonded with matrix. Correspondingly, the composites have the higher strength. However, the interfaces in the surface-coated SiC particles reinforced SiCp/Al composites were weakly bonded due to the defects such as cavities existing in the interfaces, which resulted in the sharply decreased strength. Based on experiments, when the reinforcements are surface coated, the thicker the coatings, the easier defects such as cavities are formed in interfaces during the drying process, which weakens the interface bond. In short, the thicker surface coatings often results in the weaker interface bonding strength and further deteriorate the mechanical properties of composites.
Conclusions
Based on the theoretical calculations through micromechanics, the effects of interfacial features on the yield strength of SiCp/Al have been investigated, and some conclusions can be drawn as follows: (1) the parameterized micromechanics model can predict the properties of particle reinforced composites well, and the theoretical calculation can explain the current experimental results; (2) when the interface volume is contained in the reinforcements, the yield strength of particle reinforced composites increases with the interface bonding strength increasing, and decreases with the interfaces changing thicker; (3) when the interface volume is not considered in the reinforcements, the yield strength approximately increases with the interface bonding strength increasing. If the interface bonding strength is weak, the thinner interfaces will have the higher yield strength. For the strongly bonded interfaces, the thicker interfaces will result in the lower yield strength; (4) in experiment, consideration should be given to the higher yield strength. Hence, from the theoretical and experimental results, it is more reasonable to appropriately raise the volume fraction of reinforcements. If the surface coating is necessary to improve the wettability between matrix and reinforcements, the interfaces should be thin.
